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Abstract  
 
The current dissertation thesis documents the design optimization process of a 
surgical needle holder for in-space 3D printing. 3D printing can provide the means for 
an autonomous, crew-administered medical care system through an onboard digital 
catalog of 3D printable files that can be accessed on demand. As space missions 
become longer and more dangerous the need for on-board surgical capabilities 
becomes more urgent. The needle holder, used by a surgeon to hold the needle during 
suturing, is an integral part of a basic surgical kit.  
Commercially available needle holders were analysed and a digital model was 
produced in Solidworks 2016 after an existing stainless-steel instrument. A finite 
element analysis was run to analyse stress distribution and the model’s geometry was 
optimized accordingly for the FDM process. Areas like the fulcrum, jaws, handles and 
locking mechanism were thickened. 
To better inform the design process, six thermoplastic filaments were tested to 
determine their suitability for the needle holder fabrication. Two sets of specimens 
were printed from ABS, PLA, PETG and Nylon filaments and from composite ABS-
Stainless Steel and Nylon-Fiber Glass materials. The first set was tested with their 
layers in a horizontal direction, as printed and the second with their layers on a vertical 
position, rotated 90o from printing direction. The materials demonstrated 
advantageous mechanical properties when the load force was vertical to the parts’ 
layering. Another observation was the brittle behavior of PLA and PLA-SS which could 
pose danger in case of a failure during a real medical emergency in zero-g conditions. 
Lastly, further simulation studies were conducted on the optimized digital model to 
examine its structural integrity when fabricated from the aforementioned materials. 
The vertical values calculated in the testing stage above were used. Inaccuracies of the 
Solidworks simulation utility in the analysis of 3D printed parts were taken into 
account. Nonetheless, the maximum exerted stress remained well below each 
material’s yield strength, making it safe to conclude that all the materials could be 
used for the fabrication of a functional needle holder. Slight preference could be given 
to Nylon-FG due to its high yield strength. 
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 Preface 
 
The goal of this research is to create a digital model of an optimized for additive 
manufacturing needle holder that could become part of a digital catalog of 3D 
printable files surgical and other medical equipment for in-space manufacturing.  
3D printing is set to revolutionize space exploration through in-situ manufacturing of 
customizable parts on demand, lift existing constraints in the space industry and 
enable human deep-space exploration missions. It will also become the foundation for 
a complete medical care system that would provide autonomous, crew-administered 
medical treatments and solutions to potential health emergencies that arise as 
mission duration increases. 
Furthermore, mechanical testing and simulation analyses had to be conducted in 
order to ensure the structural integrity and the unobstructed performance of the 
needle holder. Several thermoplastic materials were studied at the International 
Hellenic University (IHU) lab with the state-of-the-art 3D printers and computer 
controlled materials testing machines provided by the lab. All the digital modeling and 
simulations were conducted on Solidworks 2016 Student Edition, once again provided 
by the university. 
Last but not least, the successful outcome of the thesis would not have been possible 
without the invaluable contribution and guidance from the project’s supervisor Dr. 
Dimitrios Tzetzis and the crucial technical support provided by the IHU lab’s engineer, 
Mr. Manolis Tzimtzimis.  
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1. Introduction 
 
Persistent constraints have existed throughout the life of the space program. 
Constraints in size, waste, time and cost have significantly held human-based deep 
space exploration back. However, the advent of 3D printing could potentially provide 
the long-awaited solutions and answers to these problems and enable new 
opportunities for the space industry through spaced-based manufacturing of 
hardware on demand. 
Many studies have already been conducted on the feasibility of 3D printing in 
microgravity and several Additive Manufacturing (AM) platforms have been launched 
into orbit. One of the most promising AM technologies is the Fused Deposition 
Modeling (FDM) for plastic parts. This technology works perfectly in zero-g conditions 
and printers like the Additive Manufacturing Facility (AMF) by Made In Space, Inc. have 
already been sent to the International Space Station (ISS). Electron Beam Freeform 
Fabrication (EBF3) is another promising technology for printing metal parts. However, 
Stereolithography (SLA) and Selective Laser Sintering (SLS) are gravity-dependent and 
are better suited for low-gravity environments like the Moon or Mars. 
A field of space capabilities that has been especially limited due to the aforementioned 
constraints are the on-board medical resources. Space is a dangerous and risky 
environment and injuries occur recently. Thus, the limited medical care capabilities 
could result in adverse health outcomes and jeopardize mission objectives. However, 
3D printing could solve this problem by creating a digital catalog of 3D printable files 
of medical instruments and consumables. This library could be accessed at any time 
depending on the medical scenario and the crew could fabricate in-situ customizable 
parts which can then be recycled for another use. 
A variety of medical instruments and surgical tools have been studied for 3D printing. 
Basic surgical kits have been adapted for the FDM process and tested in mock-up 
surgical scenarios with success. Mallet splints have also been printed and used with 
success. Several other instruments like retractors, hemostats, forceps and clamps 
have been modified, printed and passed with great results the mechanical and 
operational tests they were subjected to. What is more, common thermoplastic 
materials used in FDM processes, like ABS and PLA, can be sterilized with conventional 
methods – in many cases sterility out of the print bed has also been achieved. 
For this reason, a needle holder was selected to be modified for FDM printing that 
could be potentially utilized for in-space applications. The needle holder is an integral 
part of a surgical kit and it is used to hold a suturing needle as it is inserted through 
tissue. It can be described as a pair of first class levers with a pair of jaws rotating 
around a common fulcrum on one side and two handles extending on the other side 
with two rings on their ends for the surgeon to place its fingers. There is also a 
ratcheted locking mechanism between the rings for a more secure grip on the needle. 
Numerous design variations and sizes exist for all the different medical scenarios like 
the Mayo-Hegar, Crile Wood, Halsey, Debakey, etc. 
Commercially available needle holders were studied for the design modification 
process. User requirements were analyzed and translated into precise technical 
specifications. Target specs were established and existing technical solutions were 
categorized. Afterwards an initial digital model was created in the Dassault Systemes 
Solidworks 2016 Academic Edition Computer Assisted Drawing (CAD) software based 
on the publicly available technical drawing of a 20cm commercial needle holder. A 
Finite Element Analysis (FEA) was then conducted on this model in the Solidworks 
2016 Simulation utility to determine the areas that sustain the greatest stresses upon 
interlocking the third and final ratchet. The instrument’s geometry was optimized for 
the FDM process based on all the data gathered up to that stage. 
To better inform the design process, the mechanical properties of six thermoplastic 
materials were examined in a 3-point bending test setup. Standard ABS, PLA, PETG, 
Nylon along with composites ABS-Stainless steel and Nylon-Fiber glass filaments were 
used to print two sets of specimens. The first set was placed with its layering 
horizontally on the test machine and the second with its layers vertically in order to 
determine the impact of the FDM layering process on the mechanical properties of 3D 
printed parts. Stress/strain curves were produced for all the tests and the material 
properties of the different filaments were calculated for comparative reasons and to 
establish the most suited printing orientation for the needle holder. 
Furthermore, FEAs were conducted on the modified needle holder design. Custom 
materials were created in the Solidworks material library based on the vertical values 
of the material properties calculated earlier. Once again, the stresses upon 
interlocking of the third ratchet were simulated to examine the structural integrity of 
the 3D printed parts. Although, the mechanical properties of a 3D printed part differ 
from those of a conventionally manufactured one the simulation were run in 
approximation and for comparative reasons between the filaments. The maximum 
stress, displacement and strain were derived along with edge stress plots along the 
inside edge of one of the handles. 
Finally, conclusions were drawn based on the data gathered during the course of the 
entire research. Future possible steps for study were also proposed.  
2. Literature Review 
 
2.1.  3D printing in space 
 
2.1.1. Solution to space flight constraints 
Throughout the life of the space program constraints have existed on what can be 
manufactured for space. Every spaceship, tool and equipment that has been launched 
was designed according to specific, strict guidelines on size, weight and structural 
durability due to launch forces. Furthermore, replacement parts must be either be 
stockpiled on the spacecraft or sent from earth with considerable delay. However, 
these constraints could be overcome if spacecraft parts and equipment could be built 
in-situ, either in orbit or even further away in the solar system, like the Moon and 
Mars. Existing additive manufacturing technologies can provide a solution for this type 
of fundamental shift in space manufacturing and exploration.   
Many problems that have been holding the space industry back for decades can be 
overcome with space-based manufacturing methods. The first problem that could be 
solved is fundamental size limits. The fundamental limits of chemical rockets have 
created a regime of building spacecraft and launch payloads to conform to the 
cylindrical fairing of the typical rocket nose cone1. In addition, the payload must 
survive the enormous vibrational loads and g-forces of a launch. With in-space 
manufacturing, the building of more advanced and intricate structures will be possible 
since they will no longer have to be launched from Earth.  
Another problem that plagues existing space missions is excess waste. The extreme 
launch conditions force the design of a spacecraft to be “over-engineered”. It has been 
estimated that around 30% of a spaceship’s structural mass could be removed if the 
craft was built in-space rather than on Earth1. What is more, space missions have been 
forced, until now, to bring spare parts and equipment for the event of an emergency 
or a failure. All of this redundant mass represents excess waste that takes up a 
significant portion of a spacecraft’s precious volume that could have been otherwise 
utilized in a more useful manner. However, future space missions that will be 
equipped with a 3D print will not have to carry over-engineered structures and a 
surplus of equipment. Instead the printer will be used to fabricate parts on demand 
that, when used, could be recycled back to feedstock in order to be used again in the 
future for a different purpose.  
The final key problem 3D printing will solve for the space industry are the time delays 
and costs associated with the design, build, and execution of a mission1. Today, it takes 
many years to design and implement a space mission. The high cost of space access 
makes it imperative that the operational capabilities of each mission are maximized. 
For this reason, a tremendous amount of time and effort is put into the meticulous 
design of a space mission raising the hardware costs even more. With the 
implementation of 3d printing, the designs will be uploaded to the 3D printer in space 
and built on demand allowing more missions to be employed in succession. Finally, 
there will be no more delays due to cargo resupply, since whatever is needed could 
be manufactured immediately. 
Additive manufacturing is a crucial technology in the in-space manufacturing roadmap 
currently laid out by The National Aeronautics and Space Administration (NASA) and 
the European Space Agency (ESA).2 It makes it possible to produce low-cost hardware 
on-demand while decreasing risk with the capability to build a specific part when 
needed, without time delays. Last but not least, it provides the much-needed solution 
to the cost, volume, and up-mass constraints that prohibit launching all supplies 
needed for long-duration or long-distance missions beyond Earth, including spare 
parts and replacement systems.  
 
2.1.2. AM Technologies - FDM 
Fused Deposition Modeling (FDM) is a 3D printing process that uses a continuous 
filament of a thermoplastic material. This is fed from a large coil, through a moving, 
heated printer extruder head. Molten material is forced out of the print head's nozzle 
and is deposited on the growing workpiece. The head moves in layers, moving in two 
dimensions to deposit one horizontal plane at a time, before moving slightly upwards 
to begin a new layer.3 FDM is a promising AM technology that could be used for space 
based manufacturing since it has been tested in zero-g environment and there 
appears to be no engineering significant impact of microgravity on the process. The 
following table (Error! Reference source not found.) shows the mean property values 
derived from the mechanical testing of identical specimen sets printed on the ground 
and onboard the International Space Station (ISS) during the NASA “3D Printing in Zero 
G Technology demonstration” mission. The respective coefficient of variation, and the 
percent difference between the means of the ground and flight specimens are also 
reported. Discrepancies in the mechanical properties between the flight and ground 
specimens are largely explained by processing variations and not microgravity.4 
 
Table 1: Mean property values of specimens printed on the ground and onboard ISS. 
PROPERTY 
Mean of 
ground 
specimens 
Coefficient 
of variation 
(%) 
Mean of 
flight 
specimens 
Coefficient 
of variation 
(%) 
Percent difference 
(with ground as 
referance) 
Ultimate tensile strength 
(KSI) 23,86 1,7 27,92 6 17,1 
Modulus of elasticity 
(MSI) 1517 2,7 1724 6,1 15,4 
Fracture elongation (%) 7,48 9,9 5,21 26,3 -30,4 
Maximum stress at 20% 
strain (KSI) 51,37 5 38,47 3,06 -25,1 
Yield stress (KSI) 37,37 2,6 27,44 4,7 -36,2 
Compressive modulus 
(MSI) 1655 4,17 1103 9,35 -33,3 
Ultimate flexural stress 
(PSI) 35,94 6 45,12 9,3 25,6 
Flexural modulus (KSI) 1364 3,9 1664 9,6 22,01 
 
 
2.1.3. AM Technologies – EBF3 
Electron Beam Freeform Fabrication (EBF3) is a promising metal printing technology 
that has been developed by Researchers at NASA Langley Research Center to produce 
unitized structures from high reflectance aerospace alloys such as aluminum and 
titanium.5 It uses a focused electron beam in a vacuum environment to create a 
molten pool on a metallic substrate. The deposit solidifies immediately after the 
electron beam has passed, having sufficient structural strength to support itself. The 
sequence is repeated in a layer-additive manner to produce a near-net-shape part. 6 
The EBF3 process has been demonstrated to work in 0-g and produce deposits 
comparable to those produced in 1-g. The tests were conducted aboard NASA’s C-9 
Microgravity Research Aircraft in a series of parabolic trajectories that generate 
microgravity (Image 1). EBF3 deposits were conducted in 0-g and 1-g and the height 
of the deposits were measured and compared (Figure 1). There appears to be no 
significant difference with slight variations in height attributed to aircraft vibrations.7 
 
 
Figure 1: Comparison of deposit height in 1-g versus 0-g for four wire entry directions. 
 
 Image 1: EBF3 testing aboard NASA’s C-9 Microgravity Research Aircraft. 
 
2.1.4. AM Technologies – SLA & SLS 
On the other hand, Stereolithography (SLA), which uses lasers to selectively harden 
layers of liquid, is very difficult to be implemented for space applications due to the 
physical properties of liquids in a zero-gravity environment. Powder-based printers 
(Selective Laser Sintering -SLS) in their current form also rely on gravity and may be 
difficult to implement safely in space due to the difficulty of ensuring adequate 
powder containment in microgravity. However, these technologies could be used in 
low gravity environments, like the Moon or Mars, in future missions.1 A 2011 study 
conducted by NASA, demonstrated that raw lunar regolith simulant can be processed 
through laser based fabrication technologies to produce useful regolith parts for 
various applications including load bearing composite structures, radiation shielding, 
and solar cell substrates.8 
 
2.2. Existing in-space AM platforms 
 
2.2.1. Made In Space 
The first gravity-independent, single-extruder FDM acrylonitrile butadiene styrene 
(ABS) thermoplastic 3D printer (Image 2) was built by Made In Space, Inc., (MIS) an 
America-based company, specializing in the engineering and manufacturing of three-
dimensional printers for use in microgravity9. It was launched to the ISS in September 
2014 as part of the “3D Printing in Zero G technology demonstration” mission,10 
described above. The first printed part was a faceplate of the extruder’s casing. This 
demonstrated that the printer can make replacement parts for itself, a critical 
capability for deep-space human exploration.11 25 prints in total of 14 designs were 
printed onboard the ISS from November 17th to December 15th. Based on visual 
inspection and crew interaction, there were no significant print failures.12 The last and 
longest print was that of ratcheted wrench (Image 3). It was designed on the ground, 
qualified, tested, uplinked to the ISS and 3D printed in space in less than a week. All 
of the parts were returned to Earth for structural and mechanical analysis at the NASA 
Marshall Space Flight Center.4 
 
 
Image 2: First FDM printer launched to the ISS. 
 
 
Image 3: Ratcheted wrench printed aboard the ISS. 
 
The Additive Manufacturing Facility (AMF) is a next generation gravity independent 
3D plastic printer (Image 4) approved for ISS operations and launched in March 2016. 
Built, once again, by MIS, the AMF will be used by NASA and the Center for the 
Advancement of Science in Space (CASIS) as part of the ISS U.S. National Laboratory. 
The AMF will produce hardware on-demand and in-space for experimentation, tools, 
parts, education, and microgravity research. Some of the benefits of in-space additive 
manufacturing are faster delivery time, customization, lighter, more optimized parts, 
and limited necessary human interaction. Built to be modular and upgradeable, the 
AMF will also be used as a research platform to advance other in-space manufacturing 
techniques. The AMF accepts .stl, .stp, .step, .int, .its,  .ipt, .igs, .iges and .prt files for 
3D models, other CAD file formats are possible but may require editing.13 
 
 
Image 4: The Additive Manufacturing Facility (AMF) built by Made In Space, Inc. (MIS). 
 
The AMF has an effective build volume of 14cm x 10cm x 10cm. Initially the AMF will 
print with ABS, HDPE, and PEI-PC polymers but it is designed to print with other 
materials as they become approved for ISS operations. The AMF was built to last the 
remaining lifetime of the space station. It can be operated locally and remotely, 
including from Earth. The AMF filters both nanoparticles and toxic gases out of the air. 
The AMF is designed to be installed into an easily accessible ISS International Standard 
Payload rack (Image 5) and the interfaces for its modular components are public and 
open, allowing 3rd party custom hardware upgrades and innovations.13 The complete 
technical specifications of the printer are presented in Error! Reference source not 
found.. 
 
 
Image 5: The AMF installed into an easily accessible ISS International Standard Payload rack. 
 
Table 2: AMF Technical Specifications. 
AMF SPECIFICATIONS 
Print Volume (mm) 140 L x 100 W x 100 H 
Material ABS, HDPE, PEI+PC (more possible upon request) 
X/Y Resolution 0.025–0.44 mm; Nominal: 0.15 mm 
Z Resolution ≥75 microns 
Min.Wall Thickness 1 mm 
Threaded Holes >M10 
Input power 8V DC @ 12A 
Power Usage 600 W 
Extruder 
Temperature 80 C – 375 C 
Total Dimensions 
(mm) 566.5 x 460.4 x 273.2 
Weight 45 Kg (on Earth) 
Chasis material Machined Aluminum 
Printing Method FFF / PJP 
Heated Print Bed - 
Heated Volume - 
 
2.2.2. Portable on-Orbit Printer 3D  
Portable on-Orbit Printer 3D (POP3D) (Image 6) implements the Fused Deposition 
Modelling (FDM) process for the fabrication of parts using PLA, a biocompatible 
thermoplastic polymer and represents the first European additive manufacturing 
experiment in space.14 The experiment was designed to produce a single object 
aboard the ISS. It was not possible for the station’s crew to open the printer, remove 
the object and run another print. For this reason, many different geometries were 
tested prior to launch (Image 7). These included a hexagonal socket, a small box, a 
bend pipe joiner and a Stax finger splint. In the end, a Y pipe joiner was chosen for the 
experiment. Its fabrication took about 50 minutes and was successfully completed 
without errors on the 2nd of February 2016. The object was returned to Earth for 
analysis. 
 
 
Image 6: The Portable on-Orbit Printer 3D (POP3D) 
  
 
Image 7: The different geometries tested prior to launch and the selected one in circle. 
 
The P3DP (Portable On-Board 3D Printer) is a 3D printing unit enclosed inside its 
external 250 mm-side cubic case having a total mass of 5.4 kg. The enclosure is a 
vented structural housing dedicated to protecting the FDM machine and the 
electronics and to isolate with the appropriate containment level the habitable 
environment from potentially hazardous released substances (Image 8). The 
maximum rated power of the printer does not exceed 70 W. The P3DP performs 
extrusion of a thermoplastic polymer (PLA, Polylactic acid) producing a circular section 
filament about 0,4 mm thick with an average flow rate ranging from 1 to 10 mm3/s. 
The extrusion temperature for PLA ranges between 160 and 180 °C and once extruded, 
the filament solidifies and cools down in stirred air at 23°÷ 40 °C.14 
 
 
Image 8: The technical features of the P3DP. 
2.3. The future of in-space 3D printing 
 
2.3.1. AMAZE 
The Additive Manufacturing Aiming Towards Zero Waste & Efficient Production of 
High-Tech Metal Products (AMAZE) project (Image 9) is a collaboration of 26 leading 
institutions in European academia, research and industry (ESA, Airbus Group, AVIO, 
Thales Alenia Space, Volvo, et al) working to turn the Additive Manufacturing of 
metallic components into a mainstream industrial process (Image 10). The primary 
goal of the project is to rapidly produce large defect-free metallic components up to 
2 metres in size, ideally with zero waste, for use in the following high-tech sectors: 
tooling, aerospace, automotive, space and energy15. Furthermore, AMAZE aims to put 
the first 3D metal printer on the International Space Station allowing astronauts to 
produce tools and new structures on demand. The project envisages printing entire 
satellites and using the technology for missions to the Moon and Mars. With no need 
of launching heavy payloads, manufacturing in space could save huge amounts of time 
and money.16 
 
 
Image 9: The Additive Manufacturing Aiming Towards Zero Waste & Efficient Production of 
High-Tech Metal Products (AMAZE) project’s logo. 
 
 
Image 10: 3D printed metal parts. 
 
2.3.2. D-Shape 
Using in situ resources as printer material, 3D printing technology could be applied to 
construct off-world habitat structures10.  The European Space Agency (ESA) has 
teamed up with industrial partners like D-Shape and renowned architects Foster + 
Partners to test the feasibility of 3D printing using lunar soil. Monolite UK has 
developed and patented D-Shape, a giant 3D inkjet printer for building construction.17 
The machine consists of a rigid 4×4 meters frame, a large flat bed and a custom print 
head holding up to 300 nozzles (Image 11). CAD-CAM software drives the machinery 
during the building process, scanning across the surface and depositing droplets 
(voxels) of binder to consolidate crushed dolomitic limestone into a solid-stone 
printing material.18 Foster + Partners devised a weight-bearing ‘catenary’ dome design 
with a cellular structured wall to shield against micrometeoroids and space radiation, 
incorporating a pressurized inflatable to shelter astronauts. A hollow closed-cell 
structure, reminiscent of bird bones, provides a good combination of strength and 
weight. The base’s design was guided in turn by the properties of the 3D-printed 
simulated lunar soil, with a 1.5 ton building block produced as a demonstration.19 
(Image 12) 
 
 
Image 11: D-Shape, a giant 3D inkjet printer for building construction. 
 
 Image 12: Α 1.5 ton building block with hollow closed-cell structure was produced as a 
demonstration. 
 
2.4. Medical applications 
 
The constraints that currently exist in space mission architecture and design, as 
described earlier, could result in adverse health outcomes and decrements in 
performance during these missions and for long term health.20 Medical events have 
occurred during every phase of a mission, including prelaunch, launch and ascent, on 
orbit, reentry and landing, and post-landing, however, the limited medical resources 
currently available reduce treatment options and affect mission objectives.21 As 
mission duration increases and deep-space human exploration is gradually becoming 
a reality, further dangers arise and the increased risk of a medical emergency 
necessitates the need for the design and inclusion of an adequate medical care system 
within a spacecraft.22 A crew survival system should neither create additional risks to 
a crewmember nor limit spacecraft capability, affordability, and sustainability.23 
Additive manufacturing could provide a solution to the need for autonomous, crew-
administered medical care through its capability to fabricate customizable medical 
equipment in situ and on demand. Different medical instruments or consumables 
could be printed depending on the medical emergency that arises for the same 
amount of mass of filament, reducing costs, time delays and expand the crew’s 
medical capabilities. These could then be recycled for a future medical scenario, 
substantially minimizing spare parts and waste. With 3D printing technology, it is 
possible to crowd-source innovative, cost-optimized designs of medical resources and 
create an onboard digital catalog of 3D printable files. The ideal 3D printable design 
for off-world medical resources would:  
 be manufactured entirely out of onboard printer filament 
 use printer feedstock composed of recycled materials or locally available resources 
 consume minimal power and printer material  
 be printable with onboard 3D printers which are used for nonmedical purposes 
 require no post-processing and little to no assembly by minimally trained 
personnel 
 be functional, robust, reliable, and customizable and  
 be hygienic or sterilization capable, depending on its clinical use.10 
  
2.5. Injuries and trauma in space 
 
Human spaceflight is a dangerous and risky endeavour. Spaceflight related human 
health threats include the space environment (microgravity, vacuum, and radiation), 
spacecraft environment (noise, closed life support), and mission (circadian disruption, 
sleep deprivation) effects. The spacecraft environment as well can expose crew to 
toxins and other hazardous materials.23 In addition to the risks inherent to space 
travel, astronauts perform physically demanding tasks in unfamiliar environments. 
Coupled with bone and muscle mass loss due to the effects of microgravity on the 
human body, astronauts are at increased risk for sustaining injuries while conducting 
space operations.24 
The following table (Error! Reference source not found.) shows the number of 
occurrences of medical conditions that have affected NASA astronauts during previous 
space missions. Data are obtained from Lifetime Surveillance of Astronaut Health 
(LSAH) records for medical conditions that occurred among US astronauts during the 
Space Shuttle Program, Mir, and ISS (through Expedition 13 in 2006) missions.20 
 
Table 3: Occurrences of medical conditions that have affected NASA astronauts. 
MEDICAL CONDITION EVENTS MEDICAL CONDITION EVENTS 
Allergic reaction (mild to 
moderate) 
11 Mouth ulcer 9 
Ankle sprain/strain 11 Nasal congestion (space adaptation) 389 
Back injury 31 Neck injury 9 
Back pain (space 
adaptation) 
382 
Nose bleed (space adaptation) 
6 
Barotrauma (ear/sinus 
block) 
31 
Otitis externa 
3 
Choking/obstructed airway 3 Otitis media 3 
Constipation (space 
adaptation) 
113 
Paresthesias 
26 
Diarrhea 33 Pharyngitis 11 
Elbow sprain/strain 12 Respiratory infection 33 
Eye abrasion (foreign body) 70 Shoulder sprain/strain 22 
Eye chemical burn 6 Sinusitis 6 
Eye infection 5 Skin abrasion 94 
Finger dislocation 1 Skin infection 13 
Fingernail delamination 
(EVA) 
16 
Skin laceration 
1 
Gastroenteritis 4 Skin rash 94 
Headache (CO2 induced) 20 Smoke inhalation 3 
Headache (late) 
49 
Space motion sickness (space 
adaptation) 
325 
Headache (space 
adaptation) 
233 
Urinary incontinence (space 
adaptation) 
5 
Hemorrhoids 2 
Urinary retention (space adaptation) – 
female 
5 
Herpes Zoster reactivation 
(shingles) 
1 
Urinary retention (space adaptation) – 
male 
4 
Indigestion 6 Urinary tract infection – female 5 
Influenza 1 Urinary tract infection – male 4 
Insomnia (space 
adaptation 
299 
Visual impairment/increased 
intracranial pressure (space 
adaptation) 
15 
Insomnia (late) 133 Wrist sprain/strain 5 
Knee sprain/strain 7     
 
Although many of these conditions are not high-risk or emergent, like skin abrasions 
or nasal congestion, others like wrist sprains/strains, eye abrasions and urinary tract 
infections could severely hamper the well-being and performance of the astronauts 
and jeopardize the outcome of the mission.  What is more, future long duration, deep-
space missions could be facing more complex and potentially life-threatening medical 
scenarios. For this reason, they must be equipped with an effective medical care 
system that provides the capability to perform diagnostic or even surgical procedures 
in space. Since it is not feasible to carry all the necessary equipment for every possible 
scenario from earth, 3D printing can provide a sustainable solution to this problem. 
 
2.6.  3D Printed Medical Equipment 
 
There have been several attempts to study and test the possibility of 3D printing 
medical equipment and tools. These studies are not limited to space applications but 
also extend the use of 3D printing to other austere earth environments. However, 
given the feasibility of in-space additive manufacturing, these studies could prove 
useful in understanding the level to which in-space medical capabilities could be 
enhanced, making possible to develop roadmaps for the future human deep-space 
exploration and longer human stay in space. For this reason, studies conducted on 
FDM printed tools were selected to be reported below. 
2.6.1. Basic surgical kit 
The concept of employing additive manufacturing for on demand production of 
medical instruments in remote sites was explored by the Defense Advanced Research 
Projects Agency (DARPA). A basic surgical kit including a Kelly hemostat, a needle 
driver, tissue forceps, a retractor, a scalpel handle, and Metzenbaum scissors were 
printed using a Dimension uPrint Plus SE desktop material extrusion 3D printer in just 
over 6 hours (Image 13). They were printed in ABSi-Ag, an engineered ABS plastic resin 
with silver loading under development by Stratasys. The digital models were produced 
in Dassault System’s SolidWorks 2012 Computer Aided Design (CAD) software. Since 
the instruments would be printed in an ABS thermoplastic, their dimensions were 
modified in order to replicate the mechanical performance of standard stainless-steel 
instruments. The surgical kit was tested on fryer chicken parts and on a human surgical 
simulator. With the exception of the Metzenbaum scissors, all instruments performed 
adequately to dissect and suture without failure. 90% of the instruments sampled, 
directly out of the 3D printer, were also determined to be sterile.25 
 
 
Image 13: A basic surgical kit printed using a Dimension uPrint Plus SE 3D printer. 
 
2.6.2. ABS Mallet Splints 
Another study sought to demonstrate the feasibility of 3D printing functional 
acrylonitrile butadiene styrene (ABS) thermoplastic custom mallet splints for the Mars 
Desert Research Station mission crewmembers. A customizable 3D digital model of a 
mallet splint was created with OpenSCAD, a free 3D modeling software program, using 
commercially available prefabricated splints and customized mallet splints as guides. 
Seven soft tissue measurements were taken of the right ring finger of 13 healthy Mars 
analogue mission crewmembers. The splints were printed on a Cube 2 generation 
FDM 3D printer with print times ranging from 21 to 29 minutes. All subjects reported 
that their 3D printed custom mallet splints fitted securely (Image 14). There were no 
reports of pain or discomfort when the splints were worn briefly. All custom splints 
permitted full active range of motion of the right ring finger proximal interphalangeal 
joint (PIP) (0 – 100°) while maintaining the distal interphalangeal joint (DIP) in 
extension.26 
 Image 14: Customized mallet splints were printed on a Cube 2 generation FDM 3D printer. 
 
2.6.3. Other surgical instruments 
In another interesting study, a towel clamp, a sponge stick, a scalpel handle, a straight 
hemostat, a curved hemostat, Adson’s toothed forceps, Debakey tissue forceps, 
smooth forceps, an Allis tissue clamp, and a right-angle clamp were modeled using 
Solidworks 2012 CAD software. Commercially available stainless steel and MRI-
compatible disposable plastic instruments were used as design guides. Since the 
instrument designs would be fabricated through an FDM process and be comprised of 
ABS plastic, design modifications were made to compensate for differences in material 
properties (Image 15).  
 
 
Image 15: Surgical instruments printed on a Stratasys Dimension Elite 3D printer: O) tissue 
forceps, P) scalpel handle, Q) towel clamp, R) right angle clamp, S) curved hemostat, T) 
tissue clamp, U) straight hemostat, V) sponge stick, W) smooth forceps, and X) toothed 
forceps. 
 Afterwards, the impact of the FDM layering process on the mechanical properties of 
3D printed ABS plastic specimens when compared to conventionally manufactured 
ABS plastic specimens was investigated. The control specimens were made from solid 
black ABS plastic sheet material at nominal thicknesses of 0.254 mm, 0.508 mm, 1.588 
mm, 3.175 mm, 6.35 mm. The test specimens were made of ABS-P430 black plastic 
printed on a Stratasys Dimension Elite 3D printer in horizontal, vertical, and upright 
printing orientations with dimensions closely matching the reference specimens. Each 
specimen was tested to failure using a 3-point bending test configuration and the 
stiffness and yield strength values were calculated (Figure 2).  
 
 
Figure 2: The triangles represent the two supports. The bend test load arrow indicates the 
direction in which the load was applied. 
 
The yield strength and stiffness ratio values were calculated by dividing the ABS plastic 
control specimen results by the 3D printed test ABS plastic test specimen results for 
each printing orientation.27 Figure 3 reveals that the layering process of FDM 3D 
printing reduced effective strength and stiffness relative to conventionally 
manufactured ABS plastic. The reduction in stiffness and yield strength of horizontally 
printed 3D printed specimens decreased as thickness increased. The vertical 
orientation of 3D printing had little effect on the yield strength and stiffness. However, 
the yield strength ratio curve for the upright printed orientation highlights the issue 
of significant weakness when a bending load was applied transversely to a 3D printed 
layer. These results were applied to instrument designs by substantially thickening 
structures when possible, and by carefully selecting printing orientations. The 3D 
printing times of the instruments ranged from 51 min to 10 h and 24 min. Finally, 13 
board-certified surgeons completed timed simulated tasks to compare the relative 
speed of using the 3D printed tools to traditional ones. All the tasks were successfully 
performed with no substantial difference in completion time.27 
 
 Figure 3: Yield strength (solid lines) and stiffness (dashed lines) ratios for conventionally 
manufactured ABS plastic (control) specimens versus horizontally, vertically, and upright 3D 
printed ABS plastic (test) specimens 
 
2.6.4. Surgical retractor 
Last but not least, an Army/Navy surgical retractor was printed in a MakerBot 
Replicator 2 from polylactic acid (PLA) filament (Image 16). PLA is relatively 
hypoallergenic and safe and has been Food and Drug Administration approved as a 
semi-permanent dermal filler. The CAD generated instrument represented some 
customization and design alterations to optimize for the FDM process and printing 
required just <90 min.  To test the strength of the instrument, weights were 
suspended by a 1.5-cm webbing and sequentially hung from the retracting surface of 
the instrument while it was held perpendicular to the ground by an investigator. The 
printed retractor tolerated 11.3 + 0.57 kg of tangential force, began to visually deform 
at 13.6 + 0.68 kg, and fractured at 15.9 + 0.8 kg. The force required to retract human 
tissue typically requires only a few newtons, thus the printed instrument’s tolerance 
in more than adequate. Another benefit discovered while maximally stressing these 
instruments is that they fracture in a clean, predictable manner, without 
comminution, which might otherwise result in foreign body contamination of the 
wound. Furthermore, freshly extruded PLA from the printer was also proven to be 
sterile.28 
 Image 16: Two 3D printed replicas of PLA surgical retractors 
 
2.7. Sterilization of 3D printed parts 
 
2.7.1. Standard sterilization methods – ABS & PC 
A 3D printed surgical instrument must be able to be sterilized in order to qualify for 
use on the field. There are many sterilization techniques used to sterilize standard 
medical equipment. However, due to the peculiarities of the mechanical properties 
and structure of FDM manufactured parts it must be investigated whether these 
techniques could successfully sterilize 3D printed medical tools without affecting their 
structural and mechanical integrity.  
In a 2012 study, nine different thermoplastic materials, ABSi, ABS-M30, ABS-M30i, 
ABS-ESD7, PC-ABS, PC, PC-ISO, PPSF, and Ultem 9085 were tested with four commonly 
used sterilization methods. First was autoclave and flash-autoclave, in which the 
instruments are exposed to direct contact with steam at 121°C and 132°C respectively 
and high pressure for a minimum amount of time. Next was a low-temperature 
method which uses Ethylene Oxide (ETO), a colorless, microbicidal gas at temperatures 
below 60°C. Another low-temperature sterilization method that was tested uses 
hydrogen peroxide gas plasma to destroy all the microbes. The final method of 
sterilization tested was gamma radiation produced by a radioisotope, such as cobalt-60 
which is also a low-temperature method. Flash autoclave, hydrogen peroxide gas 
plasma, and gamma radiation were all 100% successful in sterilizing the test samples. 
A few samples tested with autoclave and ETO showed rare occurrence of 
contamination which probably occurred during handling after the sterilization. 
However not all samples withstood the sterilization procedures themselves. All 9 
materials remained unchanged after sterilization by ethylene oxide gas, hydrogen 
peroxide gas plasma, and gamma radiation. Autoclaving at 121°C caused bending and 
indentations in ABSi, ABS-ESD7, ABS-M30, ABS-M30i, and PC-ABS. Flash autoclaving 
also damaged all of the ABS derivatives and also PC. Color change was noted, too 
(Error! Reference source not found.). Therefore high-temperature sterilization 
processes should be used with more heat resistant materials such as PC-ISO, PPSF, or 
Ultem 9085.29 
 Table 4: Materials showing visible damage after standard sterilization procedures 
Material Autoclave 
Flash 
Autoclave 
Ethylene 
Oxide Gas 
Hydrogen 
Peroxide Gas 
Plasma 
Gamma 
Radiation 
ABSi Yes Yes No No No 
ABS-ESD7 Yes Yes No No No 
ABS-M30 Yes Yes No No No 
ABS-M30i Yes Yes No No No 
PC No Yes No No No 
PC-ABS Yes Yes No No No 
PC-ISO No No No No No 
PPSF No No No No No 
Ultem 9085 No No No No No 
 
2.7.2. Standard sterilization methods – PLA 
Gamma-radiation causes both chain scission and cross-linking in PLA which could 
result in compromised mechanical properties such as elasticity and tensile strength. 
Ethylene-oxide gas might leave residues in harmful quantities on PLA parts which have 
been found to be mutagenic and carcinogenic. However, steam sterilization results in 
minimal changes in single load tensile mechanical properties of PLA.30 
 
2.7.3. Intrinsic sterility 
An interesting property of FDM manufacturing is its ability to produce sterile parts 
under proper handling from a non-sterile feedstock of thermoplastic due to the high 
pressures and temperatures that occur at the printer’s extrusion header. As 
mentioned earlier, the ABS 3D printed basic surgical kit studied by DARPA was tested 
for sterility. 90% of the instruments sampled, directly out of the 3D printer, were 
determined to be sterile.25 In addition, the Army/Navy surgical retractor samples 
printed in PLA and examined above were also tested for sterility. The samples that 
were collected immediately upon extrusion were completely sterile and free of all 
bacterial DNA. Therefore, if an instrument were printed onto a sterile surface in a 
clean environment, such as an operating room, that device would be ready for surgical 
application as soon as printing was complete.28 A 2016 research further investigated 
this property by printing PLA parts under a variety of conditions and incubated in 
several aerobic, microaerophilic and anaerobic conditions. No growth was observed 
in the samples nor in the negative control, but contamination was observed in the 
positive control.31 This property of FDM printers could be utilized for sensitive 
thermoplastic materials that could not otherwise withstand conventional sterilization 
procedures or in situations where resources are valuable and limited, like space. 
  
3. Methodology 
 
3.1. Literature review 
 
To begin with, an extensive literature review was conducted in order to 
comprehensively research and document the current state of 3D printing in space as 
a solution to constraints that have burdened the space industry ever since its 
foundation. Peer-reviewed studies and published articles were used in an effort to 
determine the existing and future additive manufacturing technologies that could be 
utilized for space-based manufacturing. More specifically, the medical applications of 
in-space 3D printing were investigated in scientific bibliography and journals where 
several case-studies of 3D printed medical instruments were identified and presented. 
 
3.2.  Needle Holder Development 
 
Moving on, a needle holder was developed and optimized for 3D printing. A needle 
holder, also called needle driver, is a surgical instrument, similar to a hemostat, used 
by doctors and surgeons to hold a suturing needle for closing wounds during suturing 
and surgical procedures.32 Since the goal of the project was to optimize the needle 
holder’s design for FDM manufacturing instead of reinventing it, existing variations 
like the Mayo Hegar, Crile-Wood, Derf, Webster and others were studied (Image 17).  
 
 
Image 17: A 6-inch Mayo Hegar needle holder. 
 
First, the instrument’s user requirements were identified and ranked in a scale of 1 to 
5 according to their importance. These were translated into precise technical 
specifications. Units and target values were set for each of them. The Quality Function 
Deployment (QFD) tool proved useful at this stage. Developed in Japan in the mid-70s, 
QFD is a kind of conceptual map that provides the means for interfunctional planning 
and communications. It is a tool to focus the product development process and to 
understand what users mean by quality and how to achieve it from an engineering 
perspective. It significantly reduces development cost and time and increases user 
satisfaction. To be more specific, the center matrix shows the relationships that exist 
between the user requirements and the technical specifications. Each requirement 
can be related with more than one specification. The dark dot (●) symbolizes a strong 
relation, the circle (○) a moderate one and the triangle (▽) a weak relation.33 
Furthermore, the triangular matrix at the top depicts correlations between the 
specifications themselves. These correlations can be either positive (+) or negative (-
). At the bottom, the calculated, relative importance of each of the specifications can 
be found in absolute numbers and percentage form along with the target specs (Figure 
4). 
 
 
Figure 4: The Quality Function Deployment (QFD) tool. 
 
Afterwards, commercially available stainless-steel needle holders were used as design 
guides. The existing pool of design solutions were analyzed with the aid of Function 
Diagrams and categorized in Combination Tables. The Dassault Systemes Solidworks 
2016 Academic Edition Computer Assisted Drawing (CAD) software was used to 
produce the digital model. The driving dimensions were derived from the technical 
drawing of a standard 20cm, stainless steel needle holder provided by the website of 
the surgical instruments manufacturer Apexian Care™(Image 18).34 
  
Image 18: Technical drawing of the needle holder used as design guide. 
 
However, design modifications had to be made to the original design to adjust for the 
FDM process and the thermoplastic materials it utilizes. A Finite Eleme Analysis (FEA) 
was run in the Solidworks Simulation Utility with the aim to identify the regions that 
sustain the most stresses when grasping a needle. More specifically, the global contact 
setting was set to “no penetration” in order to allow the two parts of the assembly to 
revolve are the fulcrum but without penetrating each other. A pin connector was also 
added at their rotational axis. The flat surfaces of the jaws were fixed at a position as 
if they were holding a needle, with the second ratchet tooth of the locking mechanism 
engaged.  
Load forces were applied at the inside of the ringlets, where the thumb and ring finger 
would hold the instruments, with a force of 1N on each. Thus, the total Fr would be 
equal to 2N. This value was derived from studies on the mechanical performance of 
needle holders with dimensions approximate to the project’s. More specifically, it is 
the force required to engage the third ratchet of a 22cm DeBakey needle driver while 
grasping a needle between its jaws, which is also the maximum force exerted on the 
tool during its use.50  
A curvature based mesh was also selected with 4.58573286mm Maximum element 
size, 0.91714657mm minimum element size, 8 minimum number of elements in a 
circle and 1.6 element size growth ratio. The connections, fixtures, load forces and 
mesh can be seen in Image 19. What is more, an edge stress plot was created along 
the inner edge of one of the handles of the needle holder (Image 20). The values were 
exported to Excel 2016 where stress/length graphs were produced. Afterwards, the 
geometry of the needle holder’s digital model was modified accordingly to 
compensate for the differences in material properties and an optimized design was 
created. 
 
 
Image 19: The mesh, fixtures, connections and loads of the first Finite Element Analysis. 
 
 
 
Image 20: An edge stress plot was created along the inner edge of a handle. 
 
 
3.3.  Materials tested 
 
Furthermore, several thermoplastic materials available at the International Hellenic 
University (IHU) lab were examined in the current study as possible printing material 
for the needle holder: ABS standard, PLA standard and PETG: EVO filaments produced 
by NEEMA3D™, Stainless Steel-PLA composite from Proto-pasta™ and lastly Nylon and 
Fiber Glass-Nylon composite filaments by Markforged™ (Image 21). Acrylonitrile 
Butadiene Styrene’s (ABS) physical features and process stability makes it a widely 
used thermoplastic polymer in industry. NEEMA3D™ Standard ABS is a light, durable 
and high impact-resistant suitable for all kinds of utensils.35 Poly Lactic Acid (PLA) is a 
biodegradable plastic made from renewable natural resources and is one of the most 
popular materials for 3D printing. NEEMA3D™ standard PLA is a slightly modified PLA, 
which is tougher (2x stronger than the regular PLA) and less brittle. Added to these, it 
is an easy to print material even in low temperatures.36 NEEMA3D™ PETG: EVO is a 
strong filament with high clarity and neutral odor. In addition, important properties 
such as high impact strength, excellent flexibility, practically no shrinkage and almost 
warping free make it an excellent material which combines the advantages of both 
PLA and ABS. The filament does not absorb water and is Food Contact Acceptable 
(FCA) approved.37 Proto-pasta™ Stainless Steel PLA is a compound of Natureworks 
4043D PLA and finely ground, powderized stainless steel. In filament form, it is rather 
brittle, and should be handled with care to avoid breakage. Proto-pasta Stainless Steel 
offers the aesthetic and density of metal, but because the stainless steel is finely 
powderized and encased in PLA, it is not stronger than standard PLA. It is also non-
conductive.38 Markforged™ ’s Nylon filament is a flexible and impact-resistant 
filament material that can be stiffened with continuous fiber materials like 
Fiberglass.39  
 
 
Image 21: Left: The Neema 3D standard ABS filament, right: Neema 3D standard PLA 
filament. 
 
 
3.4.  Printing & 3-point Bending Test setup 
 
Furthermore, the flexural properties of the filament materials were investigated on a 
Testometric M500-50AT computer controlled universal materials testing machine 
(Image 22). Important features of the machine are: 
 Grade 0.5 load cells to all international standards including EN10002-2, EN7500-1, 
DIN51221, ASTME4, AFNOR A03-501, JISB7721. Grade 0.5 from 0.4% to 100%. 
 High resolution auto ranging load cells with accuracies better than +/-0.5% down 
to 1/1000th of the load cell capacity. 
 800% overload capability of load cells without damage. Overload, overtravel and 
impact protection. 
 High stiffness loading frames with solid specialized steel crossheads and rigid 
extruded support columns with T-slots for accessory mounting.40 
The complete technical specifications can be found in Error! Reference source not 
found.. 41 
 
 
Image 22: The Testometric M500-50AT computer controlled universal materials testing 
machine. 
Table 5: The Testometric M500-50 AT technical specifications. 
M500-50 AT SPECIFICATIONS 
Machine Capacity 50kN 
Accuracy 
+/- 0.5% of reading down to 1/1000th 
of load cell capacity 
Vertical space 1180mm 
Crosshead travel/resolution 980mm by 0.001mm 
Throat 420mm 
Frame stiffness 200kN/mm 
Speed range 0.001mm to 1000mm 
Speed accuracy +/- 0.1% under stable conditions 
Crosshead guidance Linear slides integral within column 
Max force at full speed 50kN 
Max speed at full load 600mm/min 
Data sampling rate 
Maximum 12kHz with up to 200Hz 
data frames 
Overall dimensions W x D x H 762mm x 505mm x 1585mm 
Weight 245kg 
Electrical Supply Universal input 
Operating temperature -10°'C  to +40°C 
Operating humidity +10 to +90% non-condensing 
Number of Columns 2 
Spigot  30Ø mm 
Power 1kW 
 
The testing specimens were modeled after the neck of the needle holder’s handles 
with dimensions of 8mm x 8mm x 105.74mm ( Image 23). Strength and stiffness of 
FDM manufactured parts depends on the orientation of the load forces applied 
relative to the printed orientation of their layers.27 For this reason, two sets of 
specimens were 3D printed in order to be tested, firstly, with their layers in a 
horizontal direction, as printed and, secondly, with their layers in a vertical position, 
rotated 90o from their printing direction.  
 
 
Image 23: Dimensions of the specimens in mm. 
 
A BCN3D Sigma FDM printer was used for the ABS, PLA, Stainless PLA and PETG 
materials (Image 24) and a Markforged Mark Two printer for the Nylon and Fiber Glass 
Nylon filaments (Image 25). BCN3D Sigma is a professional FDM printer with dual 
extruders, large 21 x 29.7 x 21 cm build volume and maximum resolution of 50 
microns. A unique feature to the Sigma is the Independent Dual Extruder system, 
which allows users to print without geometric limitations using dissolvable support 
materials (PVA, HIPS) or combine various materials for multilateral and multicolor 
printing. The idle tool head remains parked, preventing the dripping of molten plastic 
onto the part. Table 6 shows its technical specifications.42 
 Image 24: The BCN3D Sigma FDM printer. 
Table 6: BCN3D Sigma technical specifications 
BCN3D SIGMA SPECIFICATIONS 
Printing Technology Fused Filament Fabrication (FFF) 
Dimensions 465mm x 440mm x 680mm 
Weight 15kg  
Build Volume 210mm x 297mm x 210mm 
Number of extruders 2 
Nozzle diameter 
0.3mm, 0.4mm, 0.5mm, 0.6mm, 
0.8mm, 1.0mm 
Layer height 0.05 - 0.5mm 
Positioning resolution (X/Y/Z) 12.5 µm / 12.5 µm / 1 µm 
Operating temperature 15°C - 35°C  
Extruder max printing 
Τemperature 280°C 
Heated bed max temperature 100°C 
Support material PVA 
Compatible Materials 
PLA ABS PVA TPU Nylon HIPS 
Specials 
Input AC 84-240V, AC 3.6-1.3A, 50-60Hz 
Output 24V DC, 13A 
Power Consumption 240W 
 
The Mark Two printer achieves high-strength, stiffness and durability in its printed 
parts by reinforcing them with composite fiber while 3D printing them. In addition, it 
prints materials that no other 3D printer can, like Carbon Fiber, Fiberglass and Kevlar. 
The Mark Two print bed clicks into place with 10 microns accuracy allowing the user 
to pause a print, remove the bed, add components, click the bed back in and then 
continue the print in the exact same position.43 Full technical specification can be 
found in the table below (Table 7). 44 
 Image 25: The  Markforged Mark Two printer 
 
Table 7: The Markforged Mark Two printer technical specifications 
MARK TWO SPECIFICATIONS 
Printing Technology 
Fused Filament Fabrication (FFF), 
Composite Filament Fabrication 
(CFF) 
Dimensions 575mm x 322mm x 360mm 
Weight 13kg 
Build Volyme (x,y,z) 320mm x 132mm x 160mm 
Material Compatibility 
Carbon Fiber, Kevlar, Fiberglass, 
Nylon, PLA 
Highest Layer Resolution 
FFF printing: 100 Microns, CFF 
printing: 200 Microns 
Extruders Dual Quick Change 
Filaments Size FFF: 1.75mm, CFF: MF4 
 
The 3-point bending tests were conducted according to the ISO 178-2010 “Plastics-
Determination of Flexural Properties” standard. The flexural strength of the first set 
of specimens was tested with their layers in a horizontal orientation and the second 
with their layers in a vertical one. The force/displacement results were exported to 
Excel 2016 where stress, strain, deflection along with flexural yield strength and 
flexural modulus were calculated for each material of each specimen set and 
stress/strain curve graphs were produced. Aggregate bar charts were also created to 
examine the flexural yield strength and flexural modulus discrepancies between the 
two testing orientations.  The following equations provided by the ISO were used: 
For the flexural stress  σf = 3FL/2bh2 
Where σf is the flexural-stress parameter in question expressed in megapascal, F is the 
applied force in newtons, L is the span in millimetres, b is the width in millimetres of 
the specimen and h is the thickness in millimetres, of the specimen. 
For the flexural strain  εf = 6sh/L2 
Where εf is the flexural strain parameter in question expressed as a dimensionless 
ratio, s is the deflection in millimetres, h is the thickness in millimetres of the test 
specimen and L is the span, in millimetres. 
For the deflection  si = εfiL2/6h  
Where si is one of the deflections in millimetres, εfi is the corresponding flexural strain, 
L is the span in millimetres and h is the thickness, in millimetres, of the specimen. 
To determine the flexural modulus, the deflections s1 and s2 must first be calculated 
for εf1=0.005 and εf2=0.0025. Then to calculate the flexular modulus Ef expressed in 
megapascals the following equation was used: 
    Ef = (σf2 - σf1)/( εf2 - εf1) 
Where σf1 is the flexural stress in megapascals measured at deflection s1 and σf2 is the 
flexural stress in megapascals measured at deflection s2. 
 
3.5.  Finite Element Analysis setup 
 
Static simulation studies of the needle holder were conducted for each tested material 
on Solidworks 2016 Simulation Utility to examine the structural integrity of the 
instrument under use. Six custom materials were created in the Solidworks material 
library with the material properties that were derived from the 3-point testing of the 
specimens in a vertical position.  
 It is a fact the layering process of FDM adversely impacts the mechanical properties 
of 3D printed parts compared to conventionally manufactured parts.27 However, it 
would be beyond the scope of the current research to produce highly accurate 
simulation results of 3D printed materials due to their intricacies. What is of interest 
for the current study is the comparative analysis of the mechanical performance of 
different thermoplastic materials in the context of a 3D printed surgical needle holder. 
For this reason, it was decided to approximate the Finite Element Analyses and treat 
the parts as conventionally fabricated.  
A static simulation study was performed in the Solidworks Simulation utility with a 
similar simulation setup to the first finite element analysis. The global contact setting 
was set to “no penetration” and a pin connector was defined at the rotating axis. 
Fixtures were also set on both flat surfaces of the jaws and load forces of 1N were 
applied on each ringlet as previously. A curvature based mesh was also selected with 
6.0714925mm Maximum element size, 1.2142985mm minimum element size, 8 
minimum number of elements in a circle and 1.6 element size growth ratio. The 
complete setup can be seen in Image 26. Maximum stresses, displacements and 
strains were examined and compared between the available materials through bar 
charts created in Microsoft Office Excel 2016. Furthermore, edge stress plots were 
produced along the inner edge of one of the handles (Image 27). These were exported 
to Excel 2016 where stress/length graphs were produced for comparative results 
between the filaments. 
 
 
Image 26: The simulation loads, fixtures, connectors and mesh. 
 
 
 
Image 27: Edge stress plots were produced along the inner edge of one of the handles.  
4. Results 
 
4.1.  Needle Holder Analysis 
 
4.1.1.  In-space surgery 
A needle holder was selected to be developed for FDM printing that could also be used 
for in-space applications. Constraints in mass, structure, time and cost have hampered 
the space industry for decades and, as a consequence, have significantly limited the 
medical capabilities that could be employed during space missions. This could 
drastically change with the implementation of 3D printing and in-situ manufacturing. 
An effective medical care system could be developed based on 3D printed medical 
equipment. Customizable parts could be fabricated on-demand from an onboard 
digital catalog of 3D printable files. This development would allow crews to 
successfully treat complicated and even life-threatening medical scenarios that would 
otherwise jeopardize the success of the mission and the well-being of the astronauts. 
What is more, in-space manufacturing could enable deep-space human exploration 
missions that will have to be self-sufficient, without any dependency from Earth. 
Surgical capability is an important part of an efficient medical care system. As shown 
earlier, the space environment poses many dangers and risks and astronauts have 
sustained a number of injuries throughout the space program. Although, until now, 
surgical emergencies were rare,45  as the duration and the distance of space missions 
increase, a surgery-enabled crew becomes imperative. Studies have already 
demonstrated that effective surgical care can be successfully provided in microgravity 
conditions.46 Microsurgery has also been successfully performed upon rats in 
microgravity.47 However, it is impossible to stock-pile and carry from launch all the 
different surgical equipment that exists for every possible emergency scenario that 
could rise (Image 28). Instead, a digital library of surgical instruments must be, instead, 
created that could be accessed and utilized from the crew depending on its needs.  
 
 
Image 28: Surgical Instruments Ready for Use in Tray 
4.1.2. The needle holder 
An integral part of a surgical kit is the needle holder. Also called a needle driver, it is 
used to hold a suturing needle as it is inserted through tissue. It is made from surgical 
steel and provides a clean operation field while it minimizes the risk of damaging 
nearby tissues or the operator’s fingers. For this reason, the most important 
requirement for a needle holder is to securely and firmly grip the suturing needle in 
order to allow accurate and precise maneuvering. Numerous needle holder designs 
exist that fulfil different clinical requirements or personal preferences. They are 
named after their original designers or clinical usage, for example Mayo-Hegar, Crile 
Wood, Halsey, Debakey, microvascular, Olsen-Hegar and many others (Image 29). 
Disposable needle holders are also produced which can be made from either steel or 
plastic.48 
 
 
Image 29: A collection of needle holders 
 
The different designs also come in several sizes that can be used with different needle 
gauges or wound locations. For example, stronger and heavier jaws are required for 
larger needles. Likewise, longer handles are necessary for deeper wounds. Other 
important characteristics that a needle holder should possess are strength, corrosion 
resistance, accurately meeting jaws and a locking mechanism.49 The needle holder 
must also be able to securely hold a suturing needle without causing any damage or 
deformation to it or the suture itself (Image 30).50 Last but not least, the tool must be 
designed in order to be held in a specific manner that allows pronation and supination 
around only the central axis of the instrument. This is important during the suturing 
process to minimize the damage caused to surrounding tissues. More specifically, the 
thumb and the ring finger are inserted into the instrument’s ringlets while the index 
finger supports the handles with the whole hand forming a tripod (Image 31). 
 
 
Image 30: Grasping a needle. 
 
 
Image 31: Holding technique of a needle holder. 
 
4.1.3. Needle security 
Needle holder security, the most important characteristic of a needle holder, is 
defined as the torque required to rotate and to twist the needle in the needle holder 
and it is determined by the design of the needle driver, its size, the number of the 
interlocking ratchets and the shape and surface topography of the jaws. Needle holder 
jaws can be smooth, notched, serrated or bonded with metal inserts (Image 32). These 
inserts may be made from tool steel or tungsten carbide and can either be smooth or 
carry teeth varying from 2,500 to 3,600 teeth/in2.49  Studies have shown that jaws with 
teeth display better needle holding security than smooth jaws. What is more, security 
improves when the number of teeth increases. However, jaws with teeth tend to 
damage the needle and suture more easily than plain jaws.51 Metal inserts provide a 
middle ground with better needle security than smooth jaws but less than jaws with 
teeth, while also causing less damage than teethed needle holders, albeit more than 
the smooth ones.52 A recent development are atraumatic needle holders that have 
curved jaws so that when closed they approximate the curve of the surgical needle 
(Image 33). Studies have shown that needle security remains the same between flat 
and curved jaw needle holders, but the curved ones inflict no visible damage to the 
needle in contrast to the flat ones which may cause permanent deformation upon 
them.53 
 
 
Image 32: Smooth/Tungsten carbide inserts/Teeth jaws. 
 
 
 
Image 33: Curved jaws. 
 
4.1.4. Mechanics 
The mechanism of the needle holder could be described as a pair of first class levers. 
A pair of jaws rotate around a common fulcrum on one side of the levers while two 
handles extend to other side of the fulcrum with two ringlets at their ends for the 
surgeon the place his fingertips. A locking mechanism is also incorporated close to the 
ringlets which usually consists of three interlocking teeth. In this way, once the ratchet 
mechanism is engaged the needle can stay securely grasped between the jaws by the 
spring force of the ratchets until they are disengaged. The spring force increases as 
more teeth become interlocked.49 The force applied at the jaws, Fj, is equal to the 
force applied at the rings, Fr , multiplied by the length of the handles from the fulcrum 
to the ringlet force application point, Lr , divided by the distance of the needle holding 
point in the jaws to the fulcrum, Lj (Figure 5): 
Fj= Fr∙Lr/ Lj 
The mechanical advantage of the needle holder is given by Lr/ Lj.51 
 
 
Figure 5: Mechanical analysis of a needle holder. 
 
The clamping moment Mc, characteristic of the needle holder, determines the stress 
applied to the needle. When a circular needle is clamped between the jaws of a needle 
holder, the needle contacts the jaws at three different sites. At midpoint in one jaw, a 
clamping force (Fj) is applied to one site on the convex surface of the needle. Each 
edge of the opposing jaw surface applies separate and equal forces to the concave 
surface of the needle. The magnitude of these forces is exactly half the total clamping 
force (Fj /2). Because Fj, acts at the point of the maximum bending moment, its 
moment is 0 and therefore does not contribute to the calculated bending moment. In 
contrast, the applied force at the edge of the needle holder jaw has a moment arm 
equivalent to one half the jaw width (W/2). Consequently, the maximum clamping 
moment (Mc) exerted on the needle is a product of the clamping force at one edge of 
the needle (Fj /2) times the length of its moment arm (W/2) from the line of action of 
this force to the center of the clamped needle (Figure 6):50  
Mc = Fj/2 ∙ W/2 = Fj ∙ W/4 
 
 
 Figure 6: Analysis of the needle holder jaws’ clamping moment. 
 
Table 8 shows the mechanical advantage and the clamping moment of popular 
needle holders desings.49 
 
Table 8: Mechanical advantage of popular needle holders. 
NEEDLE HOLDER 
MECHANICAL 
ADVANTAGE 
CLAMPING 
MOMENT (Ncm) 
Crile-Wood 4,4 3,67 
DeBakey 4,54 3,28 
Halsey 3,71 2,17 
Mayo-Hegar 4,73 5,63 
microvascular 4,62 2,66 
Webster disposable 3,34 3,57 
 
The Mayo-Hegar needle holder has the greatest mechanical advantage (4,73) and the 
largest clamping moment (5,63Ncm). The microvascular needle holder, despite having 
the second largest mechanical advantage with 4,62, its clamping moment comes 
second to last with 2,66Ncm which shows that the strength of the jaws also depends 
on factors other than the mechanical advantage. The only design that has a smaller 
clamping moment is the Halsey needle driver with 2,17Ncm. The rest of the table’s 
tools fall somewhere in between. A notable case is the Webster disposable needle 
holder. Although, it has the least mechanical advantage, its clamping moment is 
considerably large at 3,56Ncm. 
 4.2.  Needle Holder Development 
 
4.2.1. User requirements 
All of the above data were processed and interpreted in terms of specific user 
requirements. Their relative importance was also established in a scale of 1 to 5 to aid 
the development process. The following table (Table 9) shows the requirements and 
their grading. 
 
Table 9: User requirements & importance rating. 
USER REQUIREMENTS IMPORTANCE 
Jaw grip strength 4 
Νeedle security 5 
Νeedle bending protection 4 
Grasp stability 5 
Comfort 3 
Durability (mechanical, 
Τhermal, corrosion) 
3 
Sterilizability 5 
Precision 5 
 
“Needle security” and “Stability” are the most important requirements of needle 
holder and for this reason they are graded with the largest possible score (5) along 
with “Precision”. It is imperative that the instrument can be sterilized, otherwise it 
cannot be used in a surgery. As a result, “sterilization” is also graded with (5). 
“Comfort” and “Durability” are the least important needs in the context of a 3D 
printed needle holder which can be recycled and reprinted multiple times, thus, they 
receive a (3). The rest, like “Jaw strength” and “Needle bending protection” fall in 
between with a (4). 
 
 
4.2.2. Specifications 
All of the above subjective user requirements must be translated into precise product 
specification (metrics) for the remaining development effort.  A unit must also be set 
for each of the technical specifications. The following table (Table 10) presents the 
metrics and units for the coffee table. 
 
Table 10: Metrics & Units 
METRICS UNITS 
Clamping force N 
Νeedle motion mm 
Clamping moment Nm 
Locking mechanism list 
Ηandle shape list 
Τime 
operation 
cycles 
FDA approved 
Sterility tests 
binary 
Οrbital motion Arc Length 
 
 
Some of the technical requirements are quantifiable and can easily be expressed by a 
single metric like “Clamping force” or “Clamping moment”. However, others can only 
be expressed through a list of choices like the “Locking mechanism” or the “Handle 
shape”. Finally, “Sterility” is binary which means that the instrument either has it or 
not. 
 
4.2.3. Target Specs 
By this point, enough data has been gathered in order to establish the target values 
for the needle holder’s specs. These are presented in the table below (Table 11). 
 
Table 11: Target Specs 
METRICS UNITS TARGET VALUES 
clamping force N < needle yield strength  
needle motion mm 0 
clamping moment Nm < needle yield moment 
locking mechanism list Yes 
handle shape list Yes 
time operation cycles >1 
FDA approved sterility 
tests 
binary Negative (-) 
orbital motion Arc Length 0o 
 
 4.2.4. Quality Function Deployment 
Furthermore, the Quality Function Deployment (QFD) tool was used. For example, 
needle security is heavily influenced by needle motion and moderately influenced by 
the locking mechanism, whereas grasping stability is heavily influenced by the locking 
mechanism and also a little influenced by shape of the handles. What is more, 
clamping force positively affects the clamping moment but has a negative effect on 
needle motion (in terms of value). Similarly, the locking mechanism positively affects 
the clamping force but has a negative effect on needle motion (again in terms of 
value). On the left columns, the ranking of the user requirements’ importance along 
with a percentage expression of their relative score can be found. The complete QFD 
of the current project can be found in the table below (Table 12). 
 
 
Table 12: The Quality Function Development tool. 
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4.2.5. Function Diagram & Combination Table 
As already mentioned, the goal of this project is not to reinvent the needle holder but, 
instead, to optimize its design for 3D printing in an FDM machine. As a result, existing 
design solutions were researched at this stage of the development process. 
Afterwards, a function diagram was created (Table 13). This diagram decomposes the 
original design problem into a few comprehensive sub-problems that are based on key 
user requirements. All the existing sub-solutions, like toothed jaws, ratcheted locking 
mechanisms and others examined earlier, were divided between the sub-problems of 
the function diagram to create a concept combination table (Table 14). This table can 
be consulted for the creation of the project’s optimized needle holder design.  
 
Table 13: Function Diagram 
FUNCTION DIAGRAM 
Jaw 
strength 
Needle 
security 
Grasp 
stability 
Needle bending 
protection 
Comfort Sterilizability Precision 
 
Table 14: Combination Table 
 COMBINATION TABLE 
Jaw 
strength 
Needle 
security 
Grasp 
stability 
Needle bending 
protection 
Comfort Sterilizability Precision 
Long 
handles 
Toothed 
jaws 
Locking 
Mechanism 
Curved jaws 
Smooth 
ringlets 
Stainless-steel 
Thumb/ring 
finger operation 
Wide jaws Groove Ratchets     
Medical grade 
plastic  
  
  
 
4.2.6. Digital Model 
The technical drawings of commercially available needle holders were also 
investigated in order to serve as design guides. More specifically, the dimensions of a 
20cm, stainless steel needle driver produced by Apexian Care™ were used as the 
driving dimensions for the first digital model that was produced. It is a typical needle 
design, with a mechanical advantage of 4,3, serrated jaws with a groove and ratcheted 
locking mechanism with three teeth. This particular needle holder size was selected 
for its versatility and ability to be utilized in multiple surgical scenarios. The Dassault 
Systemes Solidworks 2016 Academic Edition CAD software was used to digitally 
recreate the aforementioned needle holder. The available dimensions were inserted 
as driving dimensions while other important ones were derived as driven through the 
Solidworks assembly. Technical drawings along with photorealistic renderings of the 
needle holder can be found below (Figure 7Figure 8 and Image 34Image 35). 
 
Figure 7: Technical drawing of the original needle hodler. 
 
 
Figure 8: Dimensions of the ratcheted locking mechanism. 
 
 Image 34: Photorealistic render of the needle holder. 
 
 
Image 35: Detailed view of the ratcheted locking mechanism. 
 
4.2.7. 1st Finite Element Analysis 
However, the existing design of the stainless-steel needle holder must be modified for 
the FDM process and the available thermoplastic materials and compensate for the 
differences in material properties between them and stainless steel. Thus, a Finite 
Element Analysis (FEA) was run in Solidworks on the assembly in order to determine 
the spots on the model that sustain the most stresses when the instrument is put into 
use. The static simulation study was performed in the Solidworks Simulation utility 
based on the setup described in the Methodology chapter. The material was set to 
stainless steel AISI 316L from the built-in material library. It is an austenitic variety of 
stainless steel that consists of 17% chromium, 12% nickel, 2,5% molybdenum, 2% 
manganese, 1% silicon, 0.045% phosphorus, 0.03% sulphur, 0.03% carbon and the 
remaining of iron. It is one of the most preferred materials for medical and 
pharmaceutical devices and implants54. Table 15 shows its physical properties as 
found in the Solidworks database.  
 
Table 15: Material properties of AISI 316L stainless steel. 
AISI 316L MATERIAL 
PROPERTIES 
UNITS VALUE 
Density kg/m3 8027 
Young's Modulus MPa 200000 
Poisson's ratio - 0,265 
Yield Strength MPa 170 
Ultimate Tensile Strength MPa 485 
 
 
The greatest stresses are found around the fulcrum and the jaws, along the necks of 
the handles and on the locking mechanism (Image 36). The ringlets, on the other hand, 
sustain less stresses. The maximum stress, located near the fulcrum is 8.120MPa 
which is well below the material’s yield strength (170MPa). 
 
 
Image 36: Maximum stress for AISI 316L stainless steel needle holder. 
 
 
The largest displacement is found on the ringlets of the needle holder and is equal to 
0.047mm (Image 37). 
 Image 37: Maximum displacement for AISI 316L stainless steel needle holder. 
 
The strain exerted on the stainless-steel needle holder is negligible with a value of 
0.00003 situated near the rotation axis (Image 38). 
 
 
Image 38: Maximum strain for AISI 316L stainless steel needle holder. 
 
The edge stress plot along the inner edge of one of the handles reveals high stresses 
near the fulcrum which decrease along the handle and towards the ringlets. A small 
rise is observed near the end of the edge where the ratcheted locking mechanism is 
located (Figure 9). 
 Figure 9: AISI 316L Stainless Steel Edge Plot.  
 
4.2.8. Design optimization 
For the optimization of the needle holder model, key functional structures were 
thickened in order to ensure the structural integrity of the final 3D printed instrument. 
The thickening process was based on the results of the FEA analysis conducted earlier. 
Data from similar studies were also consulted at this point. As a result, structures like 
the handles, fulcrum, jaws and ratchets were significantly thickened in order to 
withstand the larger stress they undergo. For example, the handle’s neck width was 
raised from 6mm to 8mm and the jaws width from 5mm to 8.75mm. The height of the 
needle holder went from 5mm to 8mm. Other features like the ringlets were less 
fattened since the stresses exerted on them are smaller. More precisely, their width 
was adjusted from 3mm to 5mm. 
Additional design compromises had to be made due to constraints of the Additive 
Manufacturing process. Limitations on the printing resolution make it impossible to 
successfully print 2.500 or 3.500 teeth/in2 on the jaws like the stainless-steel needle 
drivers have. Thus, flat jaws were chosen instead in order to avoid any structural or 
operational failures. The wider and stronger jaws that are the result of the thickening 
process could compensate for any potential loss in needle holding security caused by 
the flat jaw surface.  
Furthermore, a snap-fit feature was designed for the joining of the parts that consist 
the needle holder. The mechanical properties of thermoplastic materials allow this 
kind of snap-fit structures while reducing the need for additional parts and printing 
time. This structure also serves as the rotational axis of the two levers. The technical 
drawing of the optimized model and its new features can be found below along with 
photorealistic renders (Figure 10 Figure 11 and Image 39 Image 40). 
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 Figure 10: Technical drawing of the optimized needle holder. 
 
 
Figure 11: Dimensions of the optimized locking mechanism. 
 
 
 Image 39: Photorealistic render of the optimized needle holder. 
 
 
Image 40: Detailed view of the optimized locking mechanism. 
 
4.3.  Flexural Testing 
 
To better inform the design process, the material properties of six thermoplastic 
filaments available at the IHU lab were examined on a 3-point bending test setup in 
an effort to determine their suitability for the 3D printing of the needle holder (Image 
41).  Two sets of specimens were printed in order to test the first one with their layers 
in a horizontal position, as printed and the second one with their layers in a vertical 
position, rotated 90o from their printing direction. The tests were conducted on a 
Testometric M500-50AT computer controlled universal materials testing machine in 
accordance with the ISO 178-2010 “Plastics-Determination of Flexural Properties” 
standard and the stress, strain and flexural modulus values were calculated with the 
equations provided with it. 
  
Image 41: The materials tested, from left to right: Nylon-FG, Nylon, PLA-SS, PETG, ABS and 
PLA. 
 
 
4.3.1. ABS horizontal 
In the first test, the NEEMA3D™ ABS standard filament was tested. Initially, the 
specimen was positioned on the testing machine as printed, with its layers horizontal 
(Image 42 Image 43).  
 
 
Image 42: Testing of the ABS specimens. 
 
  
Image 43: The ABS specimen after flexural testing. 
 
The flexural yield strength was calculated at 49MPa and the flexural modulus at 
1.9GPa. The following figure shows the complete stress/strain curve of the 
horizontally tested ABS material (Figure 12). 
 
 
Figure 12: Stress/strain curve of horizontally tested ABS. 
 
4.3.2. ABS vertical 
Afterwards, another ABS specimen was placed on the testbed rotated 90o from its 
printing direction. This time the flexural yield strength increased to 67MPa and the 
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flexural modulus to 2.1GPa. The vertically tested ABS specimen’s stress/strain curve is 
presented below (Figure 13). 
 
 
Figure 13: Stress/strain curve of vertically tested ABS. 
 
4.3.3. PLA horizontal 
Next, a NEEMA3D™ PLA standard specimen was placed horizontally on the 3-point 
bending test machine to be examined (Image 44Image 45). 
 
 
Image 44: Testing of the PLA specimens. 
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Image 45: The PLA specimen after flexural testing. 
 
The flexural strength of the PLA specimen was determined to be 50MPa and the 
flexural modulus 2.4GPa. A noteworthy observation is that the particular material 
demonstrated brittle behavior and fracturing. This behavior could cause problems in 
a real-life scenario of equipment failure, because debris could scatter around the 
suturing area and the cabin in a zero-g environment. The horizontal PLA stress/strain 
curve is shown in the figure below (Figure 14). 
 
 
Figure 14: Stress/strain curve of horizontally tested PLA. 
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4.3.4. PLA vertical 
A PLA specimen was flipped 90o and positioned on the testing machine to examine its 
flexural properties when the load force is applied vertically to the layering direction. 
Once again, an increase was documented in the values of the material’s flexural 
strength and modulus, with 70MPa and 2.6GPa respectively. However, further testing 
is required before any conclusions are drawn. The specimen also fractured in a brittle 
manner. The stress/strain curve of the vertically orientated PLA specimen is presented 
below (Figure 15). 
 
 
Figure 15: Stress/strain curve of vertically tested PLA. 
 
4.3.5. PLA-SS horizontal 
Moving on, the PLA-Stainless Steel composite filament manufactured by Proto-pasta™ 
was examined. As previously, a specimen was initially positioned in a horizontal 
orientation and tested on the Testometric M500-50AT (Image 46Image 47). 
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 Image 46: Testing of the PLA-SS specimens. 
 
 
Image 47: The PLA-SS specimen after flexural testing. 
 
The flexural yield strength was calculated at 33MPa, significantly lower the standard 
PLA (the manufacturer noted that the fine powder form of stainless steel doesn’t 
improve PLA’s strength) and the flexural modulus at 50MPa. What is more, PLA-
Stainless steel composite showed an even more brittle behavior than the standard PLA 
filament. The material’s stress/strain curve is shown in Figure 16. 
 
 Figure 16: Stress/strain curve of horizontally tested PLA-SS. 
 
4.3.6. PLA-SS vertical 
The vertical specimen showed once again improved mechanical properties. The SS-
PLA’s yield strength is equal to 50MPa and the flexural modulus equal to 4.4GPa with 
the highly brittle behaviour continuing here, as well. The stress/strain curve of the 
composite material is depicted below (Figure 17). 
 
 
Figure 17: Stress/strain curve of vertically tested PLA-SS. 
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4.3.7. PETG horizontal 
The next material studied is the PETG:EVO supplied by NEEMA3D™. Firstly, a specimen 
was placed on the testbed in the same orientation as printed and was subsequently 
subjected to flexural testing (Image 48Image 49). 
 
 
Image 48: Testing of the PETG specimens. 
 
 
Image 49: The PETG specimen after flexural testing. 
 
After calculations, the flexural yield strength of the PETG was determined to be 43MPa 
and the flexural modulus 1.8GPa. Figure 18 shows the stress/strain curve for the 
horizontally tested PETG filament. 
 
 Figure 18: Stress/strain curve of horizontally tested PETG. 
 
4.3.8. PETG vertical 
Subsequently, another PETG specimen was printed but this time it was rotated 90o 
before being placed on the testing machine. Once again, the flexural strength 
increased to 64MPa and the flexural modulus to 2.1GPa. The stress/strain curve of the 
vertical PETG is presented below (Figure 19). 
 
 
Figure 19: Stress/strain curve of vertically tested PETG. 
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4.3.9. Nylon horizontal 
A specimen made from Markforged™ ‘s Nylon filament was put on the test-bed as 
printed with its layers in a horizontal position. The results were used to calculate the 
stress, strain and flexural modulus of the material (Image 50Image 51). 
 
 
Image 50: Testing of the Nylon specimens. 
 
 
Image 51: The Nylon specimen after flexural testing. 
 
The flexural yield strength was calculated to be equal to 30MPa, the smallest of all the 
materials, while the flexural modulus was calculated at 1.1GPa. The stress-strain curve 
for Nylon can be found below (Figure 20). 
 
 Figure 20: Stress/strain curve of horizontally tested Nylon. 
 
4.3.10. Nylon vertical 
A similar process was followed once again, but the specimen was placed on the 
testbed with its layers on a vertical position. The flexural yield strength was 
determined to be 35MPa while the flexural modulus 1.2GPa. According to the results, 
the vertically placed specimen demonstrated favourable mechanical properties in 
comparison to the horizontally placed one. The following Figure 21 presents the 
stress/strain curve of the vertically tested one. 
 
 
Figure 21: Stress/strain curve of vertically tested Nylon. 
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4.3.11. Nylon-FG horizontal 
Next, the composite Nylon-Fiber Glass filament manufactured once again by 
Markforged™ was examined. The first test was conducted with the specimen’s layers 
in a horizontal position (Image 52Image 53). 
 
 
Image 52: Testing of the Nylon-FG specimens. 
 
 
Image 53: The Nylon-FG specimen after flexural testing. 
 
According to the appropriate calculations, the flexural yield strength is 53MPa and the 
flexural modulus 1.8GPa. The complete stress-strain curve is presented in the figure 
below (Figure 22). 
 
 Figure 22: Stress/strain curve of horizontally tested Nylon-FG. 
 
4.3.12. Nylon-FG vertical 
The Nylon-FG material was also tested in a vertical position. This time the flexural yield 
strength is equal to 79MPa, which is the largest among all the materials tested, while 
the flexural modulus is equal to 2.1GPa. It is obvious, that once again the vertically 
placed specimen demonstrates better mechanical properties when compared to the 
one placed horizontally. Another conclusion is that the Fiber Glass infill significantly 
improves the strength of the Nylon. The stress/strain curve of the vertically tested 
Nyln-FG can be found in Figure 23. 
 
 
Figure 23: Stress/strain curve of vertically tested Nylon-FG. 
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 4.3.13. Comparisons 
At this point, it becomes apparent that a similar trend is observed between all the 
materials. Thus, it is safe to conclude that a 3D printed part demonstrates 
advantageous mechanical properties when a load force is applied vertically to its 
layering. As a result, the printing orientation of the parts of the needle holder must be 
carefully selected in order to make sure that load forces on the handles and the jaws 
are applied vertically to the layering direction and maximize the structural integrity of 
the tool. The figures below present the comparative results of the calculated flexural 
yield strengths and flexural moduli for all the materials tested and in both directions 
(Figure 24Figure 25). 
 
 
 
Figure 24: Comparison of the calculated flexural yield strengths of the materials tested. 
 
 Figure 25: Comparison of the calculated flexural moduli of the materials tested. 
 
4.4.  Finite Element Analysis 
 
Static simulation studies were run in the Solidworks Simulation Add-in for the available 
thermoplastic materials with a setup similar to the first FEA,  described in detail in the 
methodology chapter. The material properties that were determined and calculated 
during testing of the specimens were used to create custom materials in the 
Solidworks material library. In particular, the values of the vertically tested specimens 
were utilized because this orientation demonstrates favourable mechanical 
properties compared to the horizontally tested specimens. The calculated vertical 
values can be found below in Table 16. The aggregate horizontal values are also shown 
in Table 17 for comparison. 
 
Table 16: Material properties of vertically tested specimens. 
MATERIAL PROPERTIES-VERTICAL 
  
Flexural 
Modulus (GPa) 
Density 
 (g/mm^3) 
Flexural Yield Str  
(Mpa) 
Poisson 
Ratio 
Ultimate Str 
(Mpa) 
ABS 2.1 1.10 67 0.35 73 
PLA 2.6 1.25 70 0.35 82 
SS-PLA 4.4 1.45 50 0.3 57 
PETG 2.1 1.27 64 0.35 75 
Nylon 1.2 1.10 35 0.35 60 
Nylon-FG 2.1 1.13 79 0.35 105 
Table 17: Material properties of horizontally tested specimens. 
MATERIAL PROPERTIES-HORIZONTAL 
  
Flexural 
Modulus (GPa) 
Density ( 
g/m^3) 
Flexural Yield Str  
(Mpa) 
Poisson 
Ratio 
Ultimate Str 
(Mpa) 
ABS 1.9 1.10 49 0.3 60 
PLA 2.4 1.25 50 0.3 74 
SS-PLA 3.5 1.45 33 0.3 34 
PETG 1.8 1.27 43 0.3 70 
Nylon 1.1 1.10 30 0.3 50 
Nylon-FG 1.8 1.13 53 0.3 100 
 
4.4.1. Nylon analysis 
The first thermoplastic material analyzed is Nylon. A custom material was created with 
the respective vertical values found on the table above which was subsequently 
defined as the assembly’s material. The stress results of the static simulation are 
similar to the one conducted on the original needle holder design with high stresses 
located at the fulcrum, handles and ratchets. More specifically, the maximum 
sustained stress is 2.562MPa and is located near the fulcrum (Figure 26). Nevertheless, 
it is significantly smaller than the Nylon’s yield strength which is equal to 35MPa. Thus, 
it can be deduced that the project’s needle holder could withstand the stresses should 
it be put into actual use. 
 
 
Figure 26: Nylon maximum stress. 
 
The next figure shows the displacement that occurs on the body of the needle holder 
(Figure 27). The maximum value is on the ringlets and is equal to 1.693mm. 
 
 
 Figure 27: Nylon maximum displacement. 
The maximum strain can also be seen below with a value of 0.002 and is situated near 
the axis, as well (Figure 28). 
 
 
Figure 28: Nylon maximum strain. 
 
The figure below presents the stresses (y axis) along the length of the handle’s edge 
(x axis), with high stresses near the fulcrum and lower towards the ringlets. A small 
rise occurs near the ratchet mechanism, as well (Figure 29). 
 
 Figure 29: Nylon edge stress plot. 
 
4.4.2. Nylon-Fiber Glass analysis 
Next, a Finite Element Analysis was conducted for the Nylon-Fiber Glass composite 
material. Once again, a custom material was created with the appropriate vertical 
values of Table 16. The maximum stress sustained by the needle holder is 4.287MPa 
and is located near the axis of rotation (Figure 30). Areas with high stresses are the 
fulcrum, the handles and the locking mechanism but they remain safely below the 
filament’s yield strength of 79MPa at all times. 
 
 
Figure 30: Nylon-FG maximum stress. 
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The maximum displacement, once again found on the ringlets, is equal to 1.605mm 
(Figure 31). 
 
 
Figure 31: Nylon-FG maximum displacement. 
 
The max strain of 0.002 can be seen near the axis in the figure below (Figure 32). 
 
Figure 32: Nylon-FG maximum strain. 
 
Furthermore, the edge plot for the Nylon-Fiber glass composite material reveals a 
similar pattern with high stresses close to the fulcrum. These decrease along the 
handle and towards the rings with only a slight increase close to the ratchets (Figure 
33). 
 
 Figure 33: Nylon-FG stress edge plot. 
 
4.4.3. ABS, PLA, PLA-SS, PETG analyses & comparisons 
Similar analyses were run for the ABS, PLA, PLA-Stainless Steel and PETG materials. 
Custom materials were created based on the values derived from the flexural testing 
of rotated by 90o 3D printed specimens (Table 16). The following aggregate chart 
presents the maximum stresses exerted on the needle holder for each of the different 
filaments. The results of the original AISI 316L stainless-steel analysis are also included 
for comparative reasons (Figure 34). 
 
 
Figure 34:  Max stresses of all simulated materials. 
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It becomes apparent that most of the materials sustain similar maximum stresses to 
Nylon-FG, examined earlier, calculated at 4.287MPa. The ABS analysis results in 
4.219MPa max stress. The PLA max stress is close with 4.257MPa while the PLA-SS 
max stress is slightly higher at 4.355MPa. PETG’s max stress is equal to 4.244MPa. The 
only substantial differences can be observed in Nylon which sustain the smallest max 
stress of all the materials with 2.562MPa and the AISI 316L which sits at the other side 
with almost double the maximum stresses at 8.12MPa. Nevertheless, they never come 
close to each material’s yield strength. As a result, despite the approximations 
acknowledged in the Methodology chapter, it is safe to assume that all six materials 
could be used for 3D printing a functional needle holder, with the Nylon-FG having an 
advantage due to its higher yield strength threshold. However, further consideration 
should be given before the use of PLA and PLA-SS because, as noted in the flexural 
testing chapter, the materials’ brittle behavior upon fracturing could be problematic 
in an in-space surgical scenario. 
 
Furthermore, the maximum displacement observed in the ABS analysis is 1.6mm 
which is almost identical to that of PETG with 1.603mm. PLA’s max displacement is a 
little less at 1.295mm while the max displacement of PLA-SS is only 0.766. The 
maximum displacement of Nylon, Nylon-FG and AISI 316L, as calculated earlier at 
1.693mm, 1.605 and 0.047 respectively, can also be found in Figure 35 for 
comparative reasons. The maximum displacement is typically found on the ringlets as 
the ringlets move closer to engage the third ratchet.  
 
 
Figure 35: Max displacement of all simulated materials. 
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Last but not least, the maximum strain for ABS, PEG, Nylon and Nylon-FG is 0.002 and 
for PLA and PLA-SS is 0.001 according to the simulation analyses. As reported earlier 
the max strain for AISI 316L is almost negligible at 0.00003 (Figure 36). Similarly to 
maximum stress, the largest strain for all materials is found near the fulcrum. 
However, it is too small to compromise the functionality of the needle holder. 
 
 
Figure 36: Max strain of all simulated materials. 
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5. Conclusions  
 
In conclusion, the design optimization process of a needle holder for in-space 3D 
printing was successful. First of all, an extensive literature review aided in a more 
comprehensive understanding of the context of the current research. The analysis of 
commercially available needle holder designs made possible the better 
comprehension of the user requirements and technical specifications that such a tool 
must meet in order to be functional. Specific product development tools, like the 
Quality Function Deployment (QFD), function diagrams, etc proved useful in this 
effort. Existing design solutions were also utilized as the basis for the development of 
an optimized needle holder. In particular, technical drawings provided by a 
manufacturing company served as design guidelines for the initial digital model which 
was created in Solidworks 2016. Afterwards, utilizing the Solidworks simulation utility, 
a finite element analysis was conducted on this model which showed that the greatest 
stresses upon interlocking of the third ratchet are located on the jaws, the fulcrum, 
the handles and the locking mechanism of the instrument. An edge stress plot was 
also exported along the inner edge of one of the handles. It revealed high stresses 
near the fulcrum that decrease along the handles followed by a small rise near the 
locking mechanism. As a result, alterations were made in the geometry of the needle 
holder through thickening of these parts in order to adjust for the FDM process and 
the thermoplastic materials it utilizes. The optimized model was presented through 
technical drawings and photorealistic renderings. 
Furthermore, 3-point bending tests were conducted according to the ISO 178-2010 
“Plastics-Determination of Flexural Properties” standard to better inform the design 
process. Six thermoplastic materials, available at the IHU lab, were tested: ABS, PLA, 
PETG and Nylon and the composites PLA-SS and Nylon-FG. The layering process affects 
the strength of 3D printed parts; thus, two sets of specimens were printed. The first 
one was tested as printed, in a horizontal position and the second rotated by 90o, with 
its layers in a vertical orientation. The flexural yield strength and modulus of the 
materials were calculated for both directions with the aid of equations provided by 
the ISO. As a result, a similar trend was observed in the testing of all the materials in 
a horizontal and a vertical orientation. The vertically placed specimens consistently 
demonstrated favourable mechanical properties when compared to those 
horizontally tested. Therefore, it is important to carefully select the printing 
orientation of the needle holder’s parts in order ensure that the load forces are 
exerted vertically to the tool layering. What is more, PLA and PLA-SS exhibited brittle 
behaviour upon flexing and fracturing. This material attribute could pose risks in a 
zero-g environment since debris could scatter around the suturing area and the cabin 
in case of structural failure. For this reason, further consideration should be given 
before using these materials for in-space fabrication. Furthermore, the largest flexural 
strength was calculated for Nylon-FG, while the smallest one for standard Nylon. The 
improvement in the material’s mechanical performance due to the Fiber Glass infill is 
also noteworthy. On the other hand, the stainless-steel powder mixed with the PLA 
not only doesn’t improve the thermoplastic’s strength as noted by the manufacturer 
but it actually decreases it while rendering it even more brittle than standard PLA. 
To complete this research, finite element analyses were conducted on the optimized 
needle holder model with the material property values calculated in the testing stage. 
More specifically the values from the vertically tested specimen were utilized and 
custom materials were created in the Solidworks material library. The Solidworks 
simulation utility cannot accurately simulate 3D printed parts. However, the parts 
were treated as conventionally manufactured in approximation for comparative 
reasons. A similar setup to the first FEA was used in order to analyse the needle holder 
upon engaging the third ratchet. The maximum stress, strain and displacement for 
each material was calculated and compared. It turns out that all the materials sustain 
similar stress, strain and displacement distribution among them and when compared 
to the original stainless-steel tool. More specifically, maximum stresses and strains are 
found near the fulcrum while maximum displacements are located on the ringlets. 
What is more, the maximum stresses for all the tested materials stay well below their 
respective yield strengths. Thus, all six of them could be safely used for the fabrication 
of a functional needle holder despite the approximations acknowledged earlier. It 
could be argued, though, that the Nylon-FG is a favourable choice due to its higher 
yield strength. Edge stress plots were also exported along the inner edge of one of the 
handles of the Nylon and Nylon-FG which show higher stress near the fulcrum that 
decrease towards the ringlets, with a small spike near the base of the ratchets. 
However, further research can be conducted in order to verify the results of the 
current dissertation thesis and improve upon its limitations. The use of more advanced 
simulation software would be of great value to precisely analyze the stresses exerted 
on the 3D printed instrument. This way the digital model could be further optimized 
without potentially compromising its durability in an effort to minimize material usage 
and printing time. What is more, the needle holder could be printed and tested on 
surgical mock-ups by surgeons to further study its functionality. Feedback from on-
hand testing would be valuable in the optimization process of the model. Lastly, 
another important field of study is the sterilizability potential of the filaments 
examined and the sterilization methods suitability.  
All in all, it can be concluded that the optimized needle holder design of the current 
study could be safely printed and used during a space mission. It could be incorporated 
into a digital portfolio of printable files that could be accessed on demand for medical 
emergencies in future space missions. All of the filaments tested could be utilized with 
preference given to the Nylon-Fiber Glass due to its high flexural yield strength. 
However, PLA and PLA-Stainless Steel composite could create hazards in case of a 
structural failure due to their brittle behaviour. After use, it could be recycled so that 
the material could be utilized for the 3D printing of other parts. 
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